We report the magnetic properties of two Eu based compounds, single crystalline EuIrGe 3 and EuRhGe 3 , inferred from magnetisation, electrical transport, heat capacity and 151 Eu Mössbauer spectroscopy. These previously known compounds crystallise in the non-centrosymmetric, tetragonal, I4mm, BaNiSn 3 -type structure. Single crystals of EuIrGe 3 and EuRhGe 3 were grown using high temperature solution growth method using In as flux. EuIrGe 3 exhibits two magnetic orderings at T N1 = 12.4 K, and T N2 = 7.3 K. On the other hand EuRhGe 3 presents a single magnetic transition with a T N = 12 K. 151 Eu Mössbauer spectra present evidence for a cascade of transitions from paramagnetic to incommensurate amplitude modulated followed by an equal moment antiferromagnetic phase at lower temperatures in EuIrGe 3 , the transitions having a substantial first order character. On the other hand the 151 Eu Mössbauer spectra at 4.2 and 9 K in EuRhGe 3 present evidence of a single magnetic transition. In both compounds a superzone gap is observed for the current density J [001], which enhances with transverse magnetic field. The magnetisation measured up to 14 T shows the occurrence of field induced transitions, which are well documented in the magnetotransport data as well. The magnetic phase diagram constructed from these data is complex, revealing the presence of many phases in the H − T phase space.
I. INTRODUCTION
The magnetic properties of several Eu-based compounds with composition EuT X 3 , where T is a d-block transition element and X = Si or Ge, have been reported in literature [1] [2] [3] [4] [5] [6] . These compounds crystallize in the non-centrosymmetric (NCS) BaNiSn 3 -type structure. A transition from paramagnetic to an incommensurate, amplitude modulated antiferromagnetic state followed by a second transition to a full-moment, antiferromagnetic configuration in showed that while the ab-plane is the hard plane, an unusual staircase-like behavior of magnetisation is observed along the c-axis 5 . Thus, a variety of interesting magnetic behaviour is observed in EuT X 3 compounds. The magnetisation in the antiferromagnetic state showing a varying degree of anisotropy which is a priori surprising for a spin-only (S = 7/2; L = 0) ion like Eu 2+ .
The existence of iso-structural EuIrGe 3 and EuRhGe 3 is known and it was of interest to study the magnetic behaviour of these two compounds. We have probed the detailed magnetic properties of single crystalline EuIrGe 3 and EuRhGe 3 by magnetisation, resistivity and heat capacity in zero and applied fields, and 151 Eu Mössbauer spectroscopy. While this work was in progress, the magnetic properties of single crystalline EuIrGe 3 and EuRhGe 3 have been reported in literature based on susceptibility measured in a field of 0.1 T, zerofield electrical resistivity and heat capacity 6 . Our main observations are in agreement with the results reported in ref. 6 ; however, our more extensive data include isothermal magnetisation at selected temperatures, susceptibility measured at a number of applied fields, magnetoresistivity, construction of magnetic phase diagram, observation of the superzone gap at the antiferromagnetic transition and 151 Eu Mössbauer spectra. In addition, we also prepared LaRhGe 3 and LaIrGe 3 as non-magnetic reference compounds and measured their heat capacity and electrical resistivity.
II. EXPERIMENTAL
Polycrystalline samples of EuIrGe 3 and EuRhGe 3 were first prepared by melting Eu (99.9 % purity), Ir/Rh (99.99 %) and Ge (99.999 %) in an arc furnace under an inert atmosphere of argon. The alloy buttons were flipped over three times and re-melted to ensure proper homogenization. An excess of about 10 % over the stoichiometric amount was taken for Eu, to compensate the weight loss due to the evaporation of Eu. Initially, we attempted to grow the single crystals of these compounds by using Sn as a solvent as that choice had PANalytical set up using Cu-Kα radiation. The crystals were cut by spark erosion electric discharge machine and oriented along the desired planes using a triple axis goniometer and Laue diffraction in the back reflection mode.
III. RESULTS AND DISCUSSION
A. Structure
Well faceted crystals having a platelet geometry and typical dimensions of ∼ 5mm x 5mm x 1mm were obtained after centrifuging out the In solvent. The composition of the crystals was confirmed using electron dispersive analysis by x-rays (EDAX).
The powder x-ray diffraction spectra, obtained by crushing a few single crystals to powder, could be indexed to tetragonal BaNiSn 3 -type structure. The lattice parameters obtained by the Rietveld analysis of the powder diffraction spectra using FullProf software package 7 are listed in Table I ; and are in good agreement with the previously reported values 6, 8 .
B. Magnetisation
The inverse susceptibility, χ Inset in (a) shows the hysteresis in the data taken in the warming and cooling cycle at 5 T. 
C. Heat capacity
The specific heat measured down to 100 mK in zero field (Fig. 7a) confirms the presence of two transitions in EuIrGe 3 , at T N1 = 12.4 and T N2 = 7.2 K, in close correspondence with the low-field magnetisation data presented above. The magnitude of the jump in the heat capacity at T N1 , ∼5 J/mol K, which is far below the mean-field value of 20.14 J/mol K for a mol of spin S = 7/2. This suggests that the transition at T N1 is from paramagnetic to amplitude modulated antiferromagnetic configuration. At T N2 the transition from this intermediate state to an equal moment antiferromagnetic configuration takes place, as confirmed by 151 Eu Mössbauer spectra (see below).
The heat capacity was also measured in applied fields of 8 and 14 T with H [100]. At 8 T, the two peaks at 7.2 and 12.4 K (zero field) have shifted slightly lower in temperature to 6.1 and 11 K, respectively, in correspondence with the magnetisation data shown in Fig. 2 .
The jump in the heat capacity is slightly reduced. At 14 T, there is only one peak at 7 K, with appreciable reduction in peak height. For H [001], at 5 T both peaks come closer but are still well resolved; at higher fields we observe only a single peak in agreement with magnetic phase diagram in Fig 12b. The heat capacity of the iso-structural LaIrGe 3 is also plotted in Fig. 7a , and the 4f contribution to the heat capacity, C 4f , and entropy S 4f were calculated under the assumption of Rln8 (for Eu 2+ ions, S = 7/2 and L =0) near 18 K but keeps on increasing at higher temperatures, indicating a poor validity of the assumption of identical phonon spectra in 
D. Electrical Resistivity
The electrical resistivity of EuIrGe 3 and EuRhGe 3 with the current density J parallel to 
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The electrical resistivity of EuRhGe 3 has some similarities with that of EuIrGe We have fitted the Bloch Grüneisen expression to our ρ(T ) data in the paramagnetic region given by following expression:
where θ R is the Debye temperature determined from the ρ(T ) data, A is the temperature independent part of resistivity comprising of electron scattering caused by crystal imperfection and spin disorder in paramagnetic state. B is a material dependent prefactor. Parameters determined from the fit are listed in Table II . It may be noted that the magnitude of θ R is different from θ D . This is not unusual as θ R considers only the longitudinal lattice vibrations. The transverse magnetic field dependence of electrical resistivity under different configurations is shown in Fig. 9 and 10 for EuIrGe 3 and EuRhGe 3 , respectively. The main features in the ρ(T ) data of both compounds are in excellent correspondence with the magnetic susceptibility data. The upturn in the resistivity at T N becomes more prominent as the field (upper panels) and EuRhGe 3 (lower panels).
diagram corresponding well to the magnetisation data.
The M R of EuRhGe 3 at selected temperatures is shown in Figs 11(d-f) . (Fig.5b) . Above 8.5 T the M R is still positive but begins to decline in its absolute values most likely due to the increasing alignment of the moments along the field direction as the spin-flip field is approached. As the temperature is increased the two anomalies approach each other, shifting in opposite directions, and above ∼ 4-5 K they apparently merge and then the single anomaly shifts to lower fields with increasing temperature (see, Fig. 11e ). At 6 K, the M R shows an anomaly in 13-14 T range which shifts to 11-12 and 8-9 T intervals at 8 and 10 K, respectively. This feature matches well with the magnetisation plots measured at these temperatures (indicated by arrows in Fig. 6b ).
In the paramagnetic region (15 and 20 K) the M R is negative. Lastly, the M R data for 
